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Some self-absorbed synchrotron sources have, a small but observable degree of circular polarization r c near the absorption turnover (Roberts et al. 1975) . The simplest interpretation of the circular component is in terms of the intrinsic degree of circular polarization of synchrotron radiation (Legg and Westfold 1968) ; this provides a relation (Roberts et al. 1975) 
B = 0.2fr c \
(1) with B in gauss, / in gigahertz and r c in percent. Although the observational results are not wildly inconsistent with this relation (Roberts et al. 1975) , r c is not always found to vary as /"" 2 and hence the derived value of B depends o n / . Therefore it is appropriate to explore any other possible source of circularly polarized emission to see if it can provide a more plausible interpretation of the observations. An alternative source of circular polarization is "circular repolarization" as first discussed by Pacholczyk (1973) : linearly polarized radiation propagating through a medium with elliptically (i.e. non-circularly) polarized natural wave modes becomes partially circularly polarized. Sazonov (1969) has shown that the relativistic electrons themselves in a synchrotron source tend to cause the natural modes to be elliptically polarized. Later, the partial conversion of linear into circular polarization within sources in which selfabsorption may be important was discussed by Jones and O'Dell (1977a) .
The possible importance of boundary effects was first outlined by Jones and O'Dell (1977b) but they did not go into detail. My purpose in this paper is to discuss, in a semiquantitative fashion, the effects of the boundary of a synchrotron source on the conversion of linear into circular polarization.
Boundary Effects
To illustrate the possible qualitative importance of a boundary, consider the following hypothetical source: the natural modes are linear and the emission mechanism excites only one of the modes. Inside the source the radiation is then linearly polarized. If the source is a slab (like a piece of glass) then the emerging radiation is also linear. On the other hand, the source may have a smoothly varying boundary (like the solar corona say) in which the properties of the natural modes change smoothly from linear to circular (the modes in the surrounding interstellar or intergalactic medium are circular). In this case the radiation remains in the one mode and hence its polarization changes from linear to circular as it propagates across the boundary region. The emerging radiation is circular.
The foregoing example involves two limiting cases which may be called "sharp" and "smooth" boundaries, respectively. In terms of mode-coupling theory, a "sharp" boundary is one in which the modes are strongly coupled (a polarization limiting region occurs at the boundary), and a "smooth" boundary is one in which the modes are weakly coupled. From yet another viewpoint, a "sharp" boundary is one within which components in the two natural modes do not get out of phase significantly, and a "smooth" boundary is one in which the components get substantially out of phase over any section of ray path in which the wave properties change significantly.
Transfer Inside the Source
In the case where the modes are nearly circular (with axial ratio 7 = 1 ± AT, AT< 1), Faraday rotation occurs just as in a source with circularly polarized modes. In addition, circular polarization arises as propagation effect, and the difference in wavenumber between the two modes A£, and the orientation of the magnetic field, described by an angle <f> say. It is simple to treat the transfer of the polarization by noting that (in the absence of mode coupling) radiation in each mode remains in that mode. Hence, if the radiation is separated into components in the two modes at some initial point (where A 7" and </ > are known) then irrespective of the values of A T and <t> along the ray path, all one needs to know to determine the polarization at some final point are the values of A T and <j> there and the total phase difference between the two components, i.e.
where the integral is along the ray path between the two points.
The Four Possibilities
The foregoing discussion allows us to classify all conceivable sources into four categories: A * < 1 or A * > 1 in the source and "sharp" or smooth" boundaries. Let us discuss each of these cases separately. (a) A * < 1, "sharp" boundary. The boundary is "sharp" and hence we may assume a slab model. Following Pacholczyk (1973) , the degree of circular polarization is where r" and r to are the intrinsic degrees of circular and linear polarization respectively, and where the axial ratios of the natural modes have been assumed to be 1 ± A T with | AT| ^l . F o r | A * | « 1, (3) gives
The homogeneous-slab model is probably unreasonable in this case because one expects changes in the orientation of the magnetic field across the source to be important in the following sense. In a homogeneous source the axes may be chosen such that synchrotron emission leads to radiation with Stokes parameters Q * 0 and U = 0. With this choice of axes direct, conversion of Q into V is not possible. (The choice of axes which ensures U = 0 in the emission also ensures that the direct conversion rate of Q into V vanishes identically; the reason is that the plane of polarization of the emission is along the major or minor axes of the polarization ellipses of the two natural modes.) The final term in (4) may be interpreted as the result of conversion of Q into U, due to Faraday rotation (the modes have been assumed nearly circular) at a rate proportional to Ak, and conversion of U into V at a rate proportional to AkAT. However, if the orientation of the magnetic field changes along the ray path, then this reorientation effectively converts Q partially into U by rotation of axes. Consequently, the final term in (4) should probably be replaced by one of the form r c = gA7> fo A* ,
where g is a parameter which depends on the rate of change of the orientation of the magnetic field along the ray path.
(b) A ¥ > 1, "sharp" boundary. In the case A * > 1 the final term in (4) reduces to A7>&. Note however that in this case differential Faraday rotation will cause depolarization of the linear component.
(c) A ¥ « 1, "smooth" boundary. This case may be treated as follows. Separate the emission into components in the two modes. For strictly linearly polarized emissions and elliptical modes, the mode with its major axis along the plane of the linearly polarized emission will be favoured, but there will be some emission into the other mode. Now estimate the degree of polarization in the sense of one or other mode. This degree of polarization may be equated to the degree of circular polarization of the emerging radiation. The reason is that, with the modes denoted + and -, one has a degree of polarization r t = (/* for natural modes with an arbitrary axial ratio T.
(d) A * > 1, "smooth" boundary. This case is the same as case (c) as far as the circularly polarized component is concerned. However, as in case (b) but unlike (c), differential Faraday rotation will wash out the linearly polarized component.
Discussion
Jones and O'Dell (1977b) discussed the circular polarization of self-absorbed sources including the effect of a boundary. They concluded that the boundary layer is not important qualitatively. Their result is reproduced here. Specifically, it can be seen from the discussion of cases (b) and (c) above that one obtains the same result for r c , at least semi-quantitatively, for A * > 1 and a "sharp" boundary, and for A * < 1 and a "smooth" boundary. In other words, it does not matter whether the modes get out of phase in the source or in the boundary layer, as long as they do get out of phase (otherwise the medium has no effect). However, this somewhat surprising result holds only in the limit where the eccentricity of the modes is small. Jones and O'Dell (1977b) argued that the modes should be significantly elliptical near the polarization turn-over provided that Faraday depolarization is not important there. This conclusion makes the propagation-induced mechanism for circular polarization seem more plausible than it might otherwise seem from Pacholezyk's suggestion.
In exploring the four models outlined above, the assumed absence of Faraday depolarization rules out (b) and (d). It would seem that case (c) is plausible. The expected degree of circular polarization in case (c) may be estimated explicitly by using Sazonov's (1969) result for the dielectric tensor of the relativistic electron gas to calculate AT. For a power-law spectrum oce _° cut off at e <y,mc 2 , one has, for a > 2, and after correcting typographical errors in Sazanov's equation (2),
where 6 is the angle of emission, -a = -(a -l)/2 is the spectral index of the source in the optically thin region (/(o>) oc oi' a ) and o>! is the typical frequency at which electrons with energy 7,wc 2 radiate. According to Sazonov's (1969) results the qualitative form of (8) does not change for a a < 2, i.e. for a < Vi. According to (8), one expects r c <x u>~' for case (c).
However, there is a strong argument against case (c). This is that the observed sources show little Faraday rotation at all, i.e. the position angle of the observed linear polarization is virtually independent of frequency (J. A. Roberts, private communication) . One could argue this away by suggesting that the small linear and circular components in the emission come from different regions of the source. However, if one accepts that there is little Faraday rotation, then only case (a) remains. Assuming r c oc ATAV, cf. (5), and with A* oc or 2 , one expects r c a w" 3 ' for case (a). Conclusions which may be drawn from the foregoing discussion are:
(i) A boundary layer does not affect the expected degree of circular polarization due to ellipticity of the modes provided (a) that the ellipticity is small and (b) that the modes get out of phase substantially either inside the source or in the boundary layer.
(ii) The absence of Faraday depolarization implies little Faraday rotation inside the source, and the lack of variation of the position angle with frequency implies little Faraday rotation either inside the source or in the boundary layer.
(iii) Accepting that there is little Faraday rotation, the propagation-induced degree of circular polarization is very small and increases rapidly (oc or 3 ) with decreasing frequency. It is then not plausible to invoke this explanation of the circular polarization.
(iv) Alternatively, one can argue that the linear and circular components come from different regions of the source. One then expects r c oc w' 1 on the assumption that there is a "smooth" boundary layer.
(v) That the observed circular polarization arises as a propagation effect is at best no simpler an interpretation of the observations than that adopted by Roberts et al. (1975) , namely that the circular polarization is due to the intrinsic circular component in synchrotron emission.
I have pro fitted from stimulating discussions with Dr M. M. Komesaroff and Dr J. A. Roberts on this topic, and Dr G. A. Dulk made a number of helpful criticisms of an earlier version of the manuscript. The typographical errors in the paper by Sazonov were pointed out to me by Dr P. D. Noerdlinger. Stewart (1978) has reported four moving type IV bursts observed with the Culgoora radio heliograph at 43, 80 and 160 MHz. After an early phase, the brightness temperatures of the observed bursts decreased with increasing frequency and with time. The highest brightness temperature observed at 43 MHz was 10'°K, and it seems that the brightness temperature would have been still higher at even lower frequencies. Existing theoretical ideas on moving type IV bursts are based on data (at 80 MHz primarily) which included no brightness temperatures in excess of 10 9 K. the accepted interpretation involved gyro-synchrotron radiation from mildly relativistic electrons (energies = 100 keV); reabsorption by the electrons themselves restricts the brightness temperature to less than about 100 keV = 10 9 K (Wild and Smerd 1972, Dulk 1973 ). Stewart's (1978) new data at 43 MHz require that this accepted interpretation be modified; he has suggested that higher energy electrons are involved. An alternative suggestion is explored here, namely that the absorption might be negative. In other words, the high brightness temperatures observed could be due to a gyro-synchrotron maser involving electrons with energies of about 100 keV.
Introduction
The possibility of a cyclotron maser has been known for many years, e.g. Twiss (1958) , Hirshfield and Wachtel (1964) . In the present case it is unlikely that the observed emission at 43 MHz is at the fundamental of the gyrofrequency £]«, which would require B = 14G. For a more reasonable value of the magnetic field, say B = 5 to 10G, the emission at 43 MHz would be at the second or third harmonic. Here we explore the possibility of negative absorption at low harmonics of the gyrofrequency. Relativistic effects are neglected in the initial discussion, and it is later pointed out that relativistic effects become important at higher harmonics even for the mildly relativistic electrons (= 100 keV) under consideration.
Negative Gyromagnetic Absorption
Gyromagnetic absorption can be negative either because the distribution function f(p) of the radiation electrons is an increasing function of momentum p or because it is anisotropic favouring particles with pitch angles a close to TT/2. Bekefi (1966, p.302 ) discussed a specific example of the first type; we think that df{p)/dp > 0 is an unlikely condition in an astrophysical source and discuss this case no further. Anisotropic distribution with df{p,a)/dsma > 0 can be generated simply by particles propagating in a direction of increasing magnetic field strength, as in laboratory cyclotron masers. (i) Bi-Maxwellian Streaming Distribution.
The first distribution we discuss is a (non-relativisitic) biMaxwellian streaming distribution where «,, j3± 0 , ft| 0 and ft are constants, and with p = m e cP here. The distribution (1) has been discussed by Melrose (1973 Melrose ( , 1976 . We neglect the streaming motion here, i.e. set ft = 0, because it is not important in the following discussion (although it is essential in leading to the current required to maintain the magnetic field of the plasmoid). At the sth harmonic, the absorption coefficient is negative only when 
